Context: Peroxisome proliferator-activated receptor-␥ (PPARG) plays a pivotal role in adipogenesis and glucose homeostasis.
T he peroxisome proliferator-activated receptor-␥ (PPARG)
is a ligand-activated transcription factor that plays an essential role in the regulation of lipid uptake, adipocyte differentiation, and energy balance (1) . It also acts as an antiinflammatory molecule by hindering inflammatory reactions critical in the pathogenesis of type 2 diabetes (T2D) (2) , which is also the target of the thiazolidinedione class of insulin-sensitizing drugs for glycemic control (3) (4) (5) .
PPARG activates the expression of genes involved in glucose and lipid metabolism, which converts nutritional signals into metabolic consequences (5) . PPARG is arguably the first gene identified for the complex late onset form of T2D via a candidate-gene approach. The PPARG Pro12Ala (rs1801282) has been the most vastly investigated single-nucleotide polymorphism (SNP), which was believed to alter transcriptional activity as a result of its location in the functional binding domain that has been associated with risk of T2D and its intermediate traits (6 -13) . Since its first report in 1997 assessing the effect of the Pro12Ala (rs1801282) variant on T2D risk, majority of the approximately 60 association studies have confirmed the relation of this particular variant to T2D risk, mainly in Caucasians. However, there appears to be some statistically significant heterogeneity across these studies [I 2 ϭ 37%, 95% confidence interval (CI) 9%-54%; P ϭ .0028] (7). In particular, PPARG was not consistently confirmed to be significant in non-Caucasian populations, eg, a genome-wide association study (GWAS) conducted in African Americans (14) , a multistage GWAS meta-analysis in East Asians (15) , or a multistage GWAS meta-analysis in South Asians (16) .
Therefore, we comprehensively assessed all common variants in the PPARG gene in relation to T2D risk in 2 independent studies in the Women's Health Initiative (WHI), a nested case-control study of postmenopausal women participating in the WHI Observation Study (WHI-OS) and the WHI SNP Health Association Resource (WHI-SHARe), both within and across ethnicity groups.
Materials and Methods

Study population
A detailed description of study participants of both WHI-OS and WHI-SHARe are given in Supplemental Materials and Methods (published on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org). Briefly, the WHI-OS matched case-control participants included European Americans (n ϭ 1922), African Americans (n ϭ 1123), Hispanic Americans (n ϭ 423), and Asian Americans (n ϭ 245). A 1:1 matching ratio was used for European Americans and a 1:2 matching ratio was used for minorities to strengthen the power in these case groups with smaller sample sizes. For WHI-SHARe, after excluding those participants who also enrolled in WHI-OS, a total of 5642 participants were analyzed (3941 African Americans and 1701 Hispanic Americans).
Genetic data
We used a 2-stage approach. The first stage involved comprehensive SNP discovery to select a subset of tagSNPs representative of most common variants. The second stage involved genotyping 24 tagSNPs in the WHI-OS-matched case-control sample according to linkage disequilibrium patterns defined in first stage. Also, 8 of the 24 tagSNPs were included in the WHISHARe case-control sample. Details about tagSNP selection, genotyping methods, and quality control are given in the Supplemental Materials and Methods.
Statistical analysis
Hardy-Weinberg equilibrium was calculated using 2 analyses. In WHI-OS-matched case-control sample, single-SNP and haplotype-based analyses of data were performed based on multivariate and conditional logistic regression models. In WHISHARe case-control sample, single-SNP analyses were performed based on the multivariate logistic regression models to independently validate results of WHI-OS, and pathway analysis was conducted using the Gene Set Enrichment Algorithm (GSEA). Details of statistical methods are given in the Supplemental Materials and Methods.
Results
Single-SNP analyses in WHI-OS
Except for rs10510411, rs12629293, and rs12636454, the genotype distributions of all other tagSNPs varied significantly across the 4 ethnic groups (P Յ .0001) (Supplemental Table 1 ). Under additive model (Table 1 ), in conditional logistic regression with adjustment for risk factors for T2D, the Pro12Ala (rs1801282) was associated with T2D risk in Hispanic American women [odds ratio (OR) 0.27, 95% CI 0.08 -0.93, P ϭ .04)] and combined group (OR ϭ 0.55, 95% CI 0.35-0.86, P ϭ .01). In addition, rs6809631 (OR 0.76, 95% CI 0.58 -0.99, P ϭ .04), rs9817428 (OR 0.78, 95% CI 0.60 -1.00, P ϭ .05), rs10510411 (OR 0.68, 95% CI 0.52-0.91, P ϭ .01), rs12629293 (OR 0.72, 95% CI 0.55-0.94, P ϭ .02), and rs12636454 (OR 0.73, 95% CI 0.57-0.95, P ϭ .02) also appeared to be associated with T2D risk in the combined group. To guard against type I error, we used the Benjamini-Hochberg procedure to obtain the false discovery rate (FDR) adjusted P values for these 6 SNPs. We further investigated the association of Pro12Ala (rs1801282) with T2D risk and found that among Hispanic Americans, CG genotype appeared to be at lower risk (OR 0.17, 95% CI 0.04 -0.77, P ϭ .02) compared to CC genotype (Supplemental Table 2 ). Results under dom-inant and recessive genetic models are shown in Supplemental Tables 3 and 4 .
Replicative analysis using WHI-SHARe and GSEA analysis
In the WHI-SHARe Hispanic American group, Pro12Ala (rs1801282) (OR 0.25, 95% CI 0.08 -0.77, P ϭ .02) and rs9817428 (OR 0.52, 95% CI 0.28 -0.96, P ϭ .04) were found associated with T2D risk (Supplemental Table 5 ), with respective FDR-adjusted P value of .12 and .15. Results under dominant and recessive genetic models are shown in Supplemental Tables 6 and 7, respectively.
In GSEA analysis, we identified 81 T2D-related biological pathways with at least a 10-gene size, ie, the peroxisome proliferator-activated receptor-␣ (PPAR␣)/ retinoid X receptor-␣ activation pathway ranked first (nominal P ϭ .0005, FDR adjusted P ϭ .002) and the PPAR signaling pathway ranked fourth (nominal P ϭ .23, FDR adjusted P ϭ .18) among 7104 African American women in the WHI-SHARe cohort, whereas the PPAR signaling pathway ranked 12th (nominal P ϭ .60, FDR adjusted P ϭ .64) and the PPAR␣/ retinoid X receptor-␣ activation pathway ranked 69th (nominal P ϭ .46, FDR adjusted P ϭ 1.00) among 3253 Hispanic American women. a Adjusted OR (95% CI) for each tagSNP was estimated under the additive genetic model, using conditional logistic regression models with adjustments for age, body mass index, ln(fasting insulin), ln(fasting glucose), cigarette smoking (never, past, and current), alcohol intake (never, past, and current), hormone replacement therapy usage (never, past, and current), T2D family history (presence/absence), and physical activity per week at baseline. Due to the small Asian population size, body mass index, ln(fasting insulin), and ln(fasting glucose) were excluded to cause the model to converge. Confirmatory T2D association results for rs9817428 and rs1801282 (both highlighted) under an additive model in WHI-SHARe case-control sample are shown in Supplemental Table 5 . Associations with FDR-adjusted P Յ .05 are shown in bold. b Sample size is presented as cases/controls. c P ϭ .04, with FDR-adjusted P ϭ .19 using the method of Benjamini and Hochberg.
d P ϭ .05, with FDR-adjusted P ϭ .21 using the method of Benjamini and Hochberg.
e P ϭ .01, with FDR-adjusted P ϭ .11 using the method of Benjamini and Hochberg.
f P ϭ .02, with FDR-adjusted P ϭ .12 using the method of Benjamini and Hochberg.
g P ϭ .02, with FDR-adjusted P ϭ .12 using the method of Benjamini and Hochberg.
h P ϭ .04, with FDR-adjusted P ϭ .65 using the method of Benjamini and Hochberg.
i P ϭ .01, with FDR-adjusted P ϭ .11 using the method of Benjamini and Hochberg.
j Result is difficult to interpret because of small sample size within stratum. Figure 1A shows a schematic view of PPARG and selected tagSNPs. Two coding tagSNPs [rs1801282 (Pro12Ala) and rs3856806 (His477His)] are in exons 4 (formerly denoted exon B) and 12 (formerly denoted exon 6). Figure 1B depicts results of sliding-window (3 SNP) haplotype-based analyses in the combined sample. None reached a P Ͻ .0023 (Bonferroni corrected threshold).
Haplotype analysis in WHI-OS
Discussion
We confirmed a modest but significant association between well-studied Pro12Ala SNP and T2D risk in WHI-OS and WHI-SHARe participants. We also found that 5 promoter SNPs (rs6809631, rs9817428, rs10510411, rs12629293, and rs12636454) to be significantly associated with T2D risk. In WHI-SHARe, PPAR signaling pathway was ranked among the top 5 in African Americans and top 15 pathways in Hispanic Americans.
Interpreting the results with an appropriate balance between type I and type II statistical errors has always been a challenging task. According to Rothman (17) , a way to minimize both type I and type II errors is to disregard significance testing and focus on confidence intervals instead. In our analysis, we adjusted for multiple comparisons using FDR and Bonferroni correction. We recognized that the large number of statistical tests has inflated the type I error, whereas the conventional 0.05 level for Bonferroni or FDR adjusted P values is too conservative. We therefore took a balanced approach when interpreting effect estimates and their relevant confidence intervals emanating from our analysis.
Because haplotype-based analysis is arguably more powerful than single-marker analysis (18), we performed sliding-window (3 SNP), haplotype-based analyses. The 3-SNP windows with the highest and the second highest Ϫlog 10 (P value) values (SNP4_5_6 and SNP9_10_12) encompass rs9817428 and rs1801282, respectively, which correspond to the 2 significant T2D risk variants revealed in single-SNP analysis, indicating consistency.
A comprehensive review and meta-analysis showed a moderate level of heterogeneity attributable to genuine Figure 1 . A, The schematic presentation showed the positions of 24 tagSNPs (with SNP identifications) that spanned the PPARG genomic region. B, Sliding-window (3 SNP) haplotype-based analysis of 24 PPARG tagSNPs using additive genetic model in combined multiethnic WHI-OS casecontrol sample. The haplotype effects were estimated using an omnibus likelihood ratio test. The x-axis denoted the sliding window frames, and the y-axis denoted the Ϫlog10(P value). A Ϫlog10(P value) greater than 2.64 was used as the global significance threshold using Bonferroni correction for the 22 window frames, and none met the criterion. variation in gene effect size for the PPARG Pro12Ala genetic variant, which reflected variation observed between ethnic populations as well as differences in body mass index (7) . This may be explained by the role played by ethnicity and differences in dietary and habitual factors (19) . Because both under-and overnutrition during pregnancy has been associated with the later development of obesity and diabetes, epigenetic modifications that affect glucose regulation and insulin secretion may also play a significant role in the pathophysiology of T2D. Our multiethnic WHI-OS participants, which consisted of European, African, Hispanic, and Asian Americans with comprehensive assessment of demographic and lifestyle variables, may further validate the earlier published body of evidence in the literature regarding the association between common variants of the PPARG gene and T2D risk.
Among 5 promoter SNPs detected by additive model rs6809631 (P ϭ .04), rs9817428 (P ϭ .05), rs10510411 (P ϭ .01), and rs12629293 (P ϭ .02) are located in the PPAR␥3 promoter, and rs12636454 (P ϭ .02) is located in the in PPAR␥2 promoter. However, only rs9817428 was included in the 8 tagSNPs genotyped in WHI-SHARe (Supplemental Table 5 ), and this promoter SNP was associated with T2D risk in WHI-SHARe Hispanic American group (P ϭ .04, Hispanic American). Therefore, our results did provide novel insights beyond the widely acclaimed PPAR␥2 rs1801282 association with T2D.
In summary, the established association of PPARG Pro12Ala SNP with T2D susceptibility was confirmed in both WHI-OS (combined group and Hispanic American group) and WHI-SHARe Hispanic American group. Of the 5 additional PPARG promoter variants revealed in the WHI-OS combined group, rs9817428 was detected in the WHI-SHARe Hispanic American group. These SNPs deserve further confirmation in diverse ethnic groups (particularly Hispanic American).
